Nascent membrane proteins typically insert in a sequential fashion into the membrane via a protein-conducting channel, the Sec translocon. How this process occurs is still unclear, although a thermodynamic partitioning between the channel and the membrane environment has been proposed. Experiment-and simulationbased scales for the insertion free energy of various amino acids are, however, at variance, the former appearing to lie in a narrower range than the latter. Membrane insertion of arginine, for instance, requires 14-17 kcal∕mol according to molecular dynamics simulations, but only 2-3 kcal∕mol according to experiment. We suggest that this disagreement is resolved by assuming a two-stage insertion process wherein the first step, the insertion into the translocon, is energized by protein synthesis and, therefore, has an effectively zero free-energy cost; the second step, the insertion into the membrane, invokes the translocon as an intermediary between the fully hydrated and the fully inserted locations. Using free-energy perturbation calculations, the effective transfer free energies from the translocon to the membrane have been determined for both arginine and leucine amino acids carried by a background polyleucine helix. Indeed, the insertion penalty for arginine as well as the insertion gain for leucine from the translocon to the membrane is found to be significantly reduced compared to direct insertion from water, resulting in the same compression as observed in the experiment-based scale.
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membrane-protein insertion | SecY | ribosome | hydrophobicity scale N early all membrane proteins found in the inner membranes of bacterial cells and the membranes of eukaryotic cells are inserted concomitant with their synthesis by the ribosome, i.e., cotranslationally (1) . Insertion into the bilayer does not happen directly, but rather occurs via a highly conserved protein-conducting channel in the membrane, the Sec translocon (2) (3) (4) . At an early stage of synthesis, the ribosome docks to the channel, forming a tightly bound complex (5, 6) . The polypeptide is then inserted into the translocon prior to entering the membrane, the former step requiring a driving force, such as nucleotide hydrolysis, a membrane potential gradient, or the pressure exerted by the growing nascent chain (2) .
In addition to aiding the insertion of membrane proteins, the translocon also allows certain nascent proteins to cross the membrane (2) . Structures of the Sec translocon (7-9) reveal two apparent gates, one transverse for the passage of soluble proteins across the membrane and one lateral for the exit of membrane proteins (7, 10, 11) . The lateral gate is formed at the interface of two halves of SecY (7, 12 ) (see Fig. 1B ). This gate fluctuates during translocation of the nascent polypeptide (13, 14) , although what factors govern its opening and closing are unclear (8, 9, 15) .
Given the two pathways presented by the translocon, there must exist a way to discriminate between proteins destined for the lipid membrane environment and proteins destined for the lumen or the extracellular space. Although hydrophobicity is the predominant factor (16), it is insufficient per se to determine whether or not a given polypeptide segment will be integrated into the membrane (17, 18) . Both residues immediately flanking a transmembrane (TM) segment (19) and those in other TM segments upstream or downstream (18, 20) can also contribute to the membrane insertion propensity of the segment. Experiments have demonstrated that the polypeptide chain can interact with lipids while still in the channel (21) (22) (23) , leading to the proposal that insertion is a thermodynamic partitioning between channel and membrane (23) (24) (25) . A kinetic model of insertion has also been proposed, in which the polypeptide can control the lateral gate conformation from within the channel. The opening or closing of the gate then determines whether or not a given segment is integrated into the membrane (15) . A combination of the two models is also possible, wherein the polypeptide controls both its exposure to the lipid bilayer and its potential integration.
A quantitative, sequence-based description of the probability of membrane insertion was first determined via experiments that systematically challenged the translocon with a variety of putative TM segments (24) . By further incorporating position-dependent effects for all twenty amino acids, a simple free-energy scale for TM-segment insertion was constructed (17) and predictors based on the scale proved to be reasonably accurate (26) . An unexpected result from this so-called "biological hydrophobicity scale" is a relatively low insertion penalty for charged residues, even to the center of the bilayer. For instance, the free-energy cost for inserting arginine is only 2.6 kcal∕mol (24) . A number of computational investigations have been undertaken since, in an attempt to understand at an atomic level the origin of this energetic cost. Translocation of an arginine amino acid borne by an effectively infinite polyleucine α-helix from water to the hydrophobic membrane core requires 17 kcal∕mol (27) . Other studies of the translocation of side-chain analogs have corroborated the large discrepancy between computational and experimental measurements, with values ranging from 10 to 14 kcal∕mol for arginine (28) (29) (30) (31) . Furthermore, the free-energy gain from the insertion of hydrophobic amino acids was also found to be consistently larger in theoretical investigations compared to experiments. Appeals to differences in lipid composition (32) or to the charge state of titratable residues (33, 34) were not successful in explaining the discrepant results. Alternatively, by incorporating a large number of proteins in the bilayer, the free-energy cost for translocation of arginine from water to the membrane was reduced significantly, albeit the free-energy gain from inserting leucine remained unchanged (35) . Recent coarse-grained simulations have also demonstrated that interactions between a putative TM segment and two additional TM helices and/or the translocon can reduce the free energy of insertion from water to membrane (36) .
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It has often been assumed hitherto that the equilibrium process measured in the translocon-based experiments is the direct transfer of a given amino acid from water to the bilayer, hence, neglecting any potential role of the ribosome or the translocon. Membrane insertion via the translocon is, however, more complicated, involving multiple mechanistic steps, including the slow transfer of the nascent polypeptide to the channel, the formation of secondary structure, and the subsequent exit from the channel into the membrane or the aqueous phase. It has been suggested that these steps can be summarized in two composite stages (34, 37) , wherein only the second step, namely the partitioning of the TM segment from the channel to the membrane across the lateral gate, occurs at equilibrium. To examine this partitioning quantitatively, the thermodynamic cycle shown in Fig. 2 was constructed. This cycle connects the direct, artificial insertion of an amino acid from water to the membrane, i.e., ΔGðpoly-L∶ Arg aq:→mem: Þ, with the natural transfer of a full TM segment from the translocon to the membrane, i.e., ΔGðpoly-L∶Arg SecY→mem: Þ.
From this cycle follows
ΔGðpoly-L∶Arg aq:→mem: Þ ¼ ΔGðpoly-L∶Arg aq:→SecY Þ þ ΔGðpoly-L∶Arg SecY→mem: Þ; [1] where the free energy required for the transfer from water to SecY, i.e., ΔGðpoly-L∶Arg aq:→SecY Þ, is provided by the ribosome.
To determine the insertion cost for a TM segment transiting from SecY to membrane, alchemical free-energy perturbation (FEP) (38) calculations have been carried out for the direct insertion of an effectively infinite polyleucine helix from the aqueous phase into the lipid bilayer and for the indirect insertion involving SecY. The aggregated simulation time was nearly 1 μs, including both forward and reverse FEP calculations, the latter being used not only to probe convergence of the calculations, but also to improve their reliability (39) (see SI Appendix). Based on the results of the simulations, a coherent model for membrane-protein insertion that includes the roles played by the ribosome and the translocon is developed and is shown to compare favorably with experimental results.
Results
In total, five independent FEP calculations were run with results listed in Table 1 . These simulations provide the free-energy contributions necessary to complete the thermodynamic cycle of Fig. 2 . First, the free-energy costs for the direct insertion of an arginine residue on a background polyleucine helix from water to membrane and to SecY, i.e., ΔGðArg aq:→mem: Þ and ΔGðArg aq:→SecY Þ, were determined, which can be readily compared to previous calculations (27, 35) . Then, to account for the contribution of the background helix to the insertion free energy, FEP simulations examining the insertion of a polyleucine helix from water to membrane and from water to SecY were also carried out. All calculated free energies are then combined in light of Eq. 1 to close the proposed thermodynamic cycle. As shown in Fig. 2 , the free-energy change for transferring an infinite polyleucine helix from SecY to the membrane is −16.2 kcal∕mol, whereas for a polyleucine helix with a central arginine amino acid, the free-energy change is still favorable, although less so, namely −8.3 kcal∕mol. Finally, the resulting individual insertion free energies for arginine and leucine are determined to be 6.5 kcal∕mol and −1.0 kcal∕mol, respectively. These free energies present a range that is narrower than that found in previous simulations (28, 29, 31, 35) and is closer to the experimental one.
Transfer of Arginine to the Lipid Bilayer and to SecY. Completion of the lower thermodynamic cycle in Fig. 2 requires first the determination of the free energy of insertion from water to membrane and to SecY for an arginine residue carried by an infinite, background polyleucine α-helix. Translocation of this residue from the aqueous phase to the interior of the lipid bilayer can be modeled through a mutation into leucine of an arginine located far above the interfacial environment, combined with the simultaneous mutation into arginine of a leucine at the geometric center of the membrane (see SI Appendix). Preliminary FEP calculations carried out to benchmark the cost-effectiveness of sampling and stratification or windowing strategies (39) for this transformation revealed that convergence of the ensemble average is hampered by slow degrees of freedom requiring extensive equilibration in each window. The slow equilibration of the system is a result of the considerable cost of dehydrating an arginine side chain, þ59.4 kcal∕mol (42), which causes the membrane to undergo extensive local deformation (43) . This deformation allows water molecules to seep in and diffuse toward the titratable amino acid, while preserving the membrane's overall structural integrity (see Fig. 3A ). Microreversibility was achieved at the price of dividing the mutation process into 50 intermediate windows, each involving 0.6 ns of thermalization prior to 0.6 ns of data collection; i.e., the total simulation time was 60 ns. The Bennett acceptance ratio (BAR) net free-energy change amounts to þ16.9 AE 0.2 kcal∕mol, which almost exactly matches the estimate of Dorairaj and Allen, based on a 427-ns potential-ofmean-force calculation (27) . The same computational strategy was employed to model the translocation from water to SecY's geometric center of a hydrated arginine residue borne by the same background polyleucine TM helix. The BAR net free-energy change is equal to þ9.0 AE 0.4 kcal∕mol. This change is appreciably less than that for insertion of arginine from water to the center of the membrane, demonstrating that the protein environment of the translocon lowers the barrier for translocation of an amino acid across the membrane. The present result can be related to that of Johansson and Lindahl (35) , who estimated that the free energies of solvation by SecY of a leucine and an arginine side-chain analogue located near the lateral gate amount to ca. −4 and þ5 kcal∕mol, respectively. Taking the difference of these two free energies gives þ9 kcal∕mol, which matches exactly the free energy of the process simulated here, i.e., the transfer of an arginine into the center of SecY coupled to the transfer of a leucine out of SecY.
One may, however, ask to what extent the background TM helix contributes to the overall transfer free energy for an amino acid from water to the membrane or to SecY. This question has already been addressed by Li et al. by comparing the free energy of translocation for an arginine residue borne by a background TM helix with that for an isolated arginine side-chain analog (33) . On the one hand, the side-chain analog encounters a 3-4 kcal∕mol larger free-energy barrier at the center of the membrane than the helix-bound arginine, whereas on the other hand, the cost for desolvating a leucine residue from the enthalpically Table 1 (40) . The error bars associated to the free-energy differences correspond to the statistical precision, but not the overall reliability of the BAR estimator (39, 41) . favorable lipid surroundings amounts to 4-5 kcal∕mol (33, 35) . Hence, there is an overall marginal influence of the background helix on the energetics of the translocation process, reconciling the present free-energy change for transferring an arginine residue into SecY and that measured by Johansson and Lindahl (35) . That this free-energy change is markedly lower than that for the pure membrane can be ascribed to two closely related contributions. The disturbance induced by SecY on the bilayer structure reduces the cost incurred by the translocation of the charged amino acid with respect to an otherwise unperturbed membrane. Additionally, by preserving the level of hydration of its transmembrane helices, SecY offers a more hospitable environment to arginine, where the side chain can interact favorably with small pockets of water molecules as it appears in the midst of the membrane protein, and, to a lesser extent, with amino acids of SecY itself (see Fig. 3B ).
Insertion Free Energy of a Polyleucine Helix. If the membrane insertion process would occur in a single step, the amino acid moving directly from water to the membrane or to SecY, the calculations done above would already characterize the process sufficiently. Because the insertion process is, however, decomposed into two steps, namely insertion from the ribosome to the center of SecYand from there into the membrane, the free energy required for the latter step remains undetermined. For an amino acid borne by a background polyleucine helix, it is necessary to first consider the insertion free energy of the helix before the contribution to the total free energy of an individual amino acid, e.g., arginine, can be ascertained.
To determine the free-energy contribution of the background TM helix to insertion, FEP calculations have been carried out, wherein the entire helix was either created or annihilated in a given environment, i.e., in the membrane, in SecY, and in water. These calculations provide, effectively, transfer free energies for the helix from vacuum to each environment. By calculating the difference of these free energies, the net transfer free energy for the helix from one environment to another can be derived. The first calculation, namely transfer of the polyleucine helix from vacuum to water, gives a value for ΔGðpoly-L vac:→aq: Þ of þ51.7 kcal∕mol. This value compares reasonably well with a rough estimate of about þ65 kcal∕mol based on simulations of much shorter helices using an implicit solvent model (44) . Transfer of the helix from vacuum to the membrane requires a greatly reduced free energy, −4.6 kcal∕mol, due to the more hospitable environment afforded by the hydrophobic bilayer, compared to the aqueous phase. It should be noted that on account of the length of the helix, only a fraction of it is incorporated into the membrane, the rest being hydrated. The difference between the previous two values, that is ΔGðpoly-L vac→mem: Þ− ΔGðpoly-L vac:→aq: Þ ¼ −56.3 kcal∕mol, however, provides a length-independent free-energy change for inserting the helix from water to the membrane.
A final FEP calculation addressed the insertion of the polyleucine helix from vacuum to the interior of SecY. The BAR freeenergy change for the insertion from vacuum, ΔGðpoly-L vac:→SecY Þ, is equal to þ11.5 kcal∕mol, making the free energy of insertion from water, ΔGðpoly-L aq:→SecY Þ, −40.1 kcal∕mol. That this value is greater than the insertion of the polyleucine helix from water to the membrane indicates that SecY presents an environment of intermediate hydrophobicity, between purely aqueous and purely nonpolar states. Using the thermodynamic cycle of Fig. 2 , the insertion free energy of the polyleucine helix from SecY to the membrane is, thus, −16.2 kcal∕mol; when a central arginine residue is present on the polyleucine helix, the free energy of insertion is −8.3 kcal∕mol.
For the transfer of the background TM helix into the membrane or into SecY, the hysteresis between the forward and the backward transformations is relatively large compared to that associated to the other transfer processes simulated (see Table 1 ). Whereas the latter processes differ in the forward and backward directions by only 1-2 kcal∕mol, transfer of the TM helix into the membrane and SecY differ by 5 and 6.5 kcal∕mol, respectively. This difference is not unexpected, however, as the calculation of ΔGðpoly-L vac:→mem: Þ and ΔGðpoly-L vac:→SecY Þ constitutes a far greater computational challenge than that of the charge translocation process. Although convergence of the free-energy calculation can be attained in the aqueous medium, i.e., for ΔGðpoly-L vac:→aq: Þ, it is markedly hampered by the heterogeneous protein and lipid environments. From a theoretical standpoint, these simulations can be viewed as extreme cases of the paradigmatic particle insertion (45) , which in general converges better than its deletion counterpart. Although more dissipative, the forward creation of the helix, is, therefore, expected to yield a somewhat more reliable free-energy difference than the backward annihilation (39) . To what extent the insertion processes in the membrane and in SecY are less exergonic remains, however, difficult to assess as the probability distributions for the different windows of the FEP calculations appear to overlap reasonably well, suggestive of small finite-length biases (see SI Appendix, Figs. S5 and S6 ).
Comparison to the Biological Hydrophobicity Scale. The biological hydrophobicity scale was developed by measuring the insertion probability of a trial TM segment and then, assuming thermodynamic equilibrium between the inserted and noninserted states, converting this probability into an apparent free energy, i.e., ΔG app (24) . Although this scale was determined for individual amino acids placed at the center of a TM segment, by incorporating the positional dependence into ΔG app the experimental apparent free energy of insertion for entire TM segments can be calculated, thereby permitting a direct comparison with theoretical values (17) . Using the ΔG prediction server (17) , thereby suggesting that in the FEP calculations, the free-energy gain for leucine is slightly overestimated. The free-energy gain for transferring the polyleucine helix from SecY to the membrane is, nonetheless, significantly less than that for transferring it from the aqueous phase to the membrane (i.e., −56.3 kcal∕mol). This reduction by a factor of about 3.5 demonstrates that in the two-stage insertion process described here, hydrophobic residues have a smaller free-energy gain for membrane insertion than in the direct transfer from water.
Because the present simulations utilized full helices instead of isolated amino acids, direct calculation of insertion free energies for individual residues, i.e., ΔG aa sim , is not possible. Because the two helices investigated are identical except for one residue, the difference between insertion of leucine and arginine can, however, be evaluated. After accounting for the distinct hydrophobic moments of the two TM helices, i.e., ΔG 24) . Both values are, however, significantly closer than those based on simulations of direct transfer of isolated amino acids from water to the membrane, which are approximately −4 kcal∕mol for leucine and þ10-14 kcal∕mol for arginine (28, 29, 31) .
Discussion
Extensive, systematic experiments and simulations have been individually undertaken in recent years to answer the question of what governs the membrane insertion of TM segments, yet large quantitative discrepancies in the free energies of insertion persist. In particular, the experimental, translocon-based biological hydrophobicity scale appears compressed compared to the simulation-based scales, i.e., hydrophobic residues provide a smaller apparent free-energy gain upon insertion in experiments, whereas charged and polar residues incur a smaller penalty (see Table 2 ). In an attempt to explain this compression, Johansson and Lindahl (35) examined the effect of high-protein contents in membranes upon insertion free energies. Although this effect was found to be pronounced for arginine, reducing the free energy of insertion from water to membrane by over 10 kcal∕mol, it was nonexistent for leucine, thus indicating that something was amiss in their proposed model (35) . Here, the experiment-simulation disagreement is examined from a previously undescribed perspective, by considering the complete thermodynamic cycle for TM insertion. This cycle, which includes the translocon and the background polyleucine helix, matches better what is actually measured experimentally than direct insertion of isolated amino acids from water to lipid, as has been done in previous simulations. To quantify completely all legs of the cycle, extensive FEP calculations have been carried out, covering the transfer of a polyleucine helix with and without arginine from water to the membrane, from water to the interior of SecY, and from SecY to the membrane.
An overview of the theoretical estimates based upon the FEP calculations reported here reveals moderate quantitative agreement with the experimental apparent free energies of insertion. Whereas ΔG poly-L∶Arg app is reproduced almost perfectly, the same cannot be said for ΔG poly-L app . The latter two quantities are related by the free energies for translocating a fully hydrated arginine residue borne by an infinite α-helix from water to the interior of a lipid bilayer, i.e., ΔGðArg aq:→mem: Þ, and to the center of SecY, i.e., ΔGðArg aq:→SecY Þ, for which both the statistical error and the finite-length bias have been shown to be marginal. However unassailable in principle, on account of the congruence with previously published simulations (27, 35) , these quantities ought to be examined with additional care. Of particular interest is ΔGðArg aq:→SecY Þ, the calculation of which relies upon two stringent choices, specifically on (i) the open state of the translocon and (ii) the relative orientation of the arginine side chain as it is progressively grown within the membrane protein. Although the model of SecY utilized here was built from the knowledge of two crystallographic structures of homologous sequences, wherein the lateral gate is either closed or partially open, a certain degree of arbitrariness necessarily resides in the assumption of the width of the opening (see SI Appendix). To what extent this assumption impacts the calculated free energy remains, however, largely unknown. Furthermore, the opening is likely a dynamic property of the lateral gate, dependent on the polypeptide currently residing in the channel (15) .
Perhaps even more critical than the opening of the lateral gate of SecY is the orientation of the titratable amino acid inside the channel. Both in the present work and that of Johansson and Lindahl (35) , the arginine side chain lies in close proximity to the hydrophobic core of the lipid bilayer. Although the small hysteresis and the overlap of the underlying probability distributions suggest a negligible systematic error, exhaustive sampling should embrace all possible slow degrees of freedom, including the axial rotation of the background α-helix. Swiveled by 180°, the charged residue would then be found within a protein environment of presumably higher permittivity than the interface with the lipidic acyl chains. Coarse-grained simulations examining the dependence of the free energy on the axial rotation of two helices have indeed shown that the free energy is minimal when an arginine on one helix is facing the polar regions of a neighboring helix or of SecY (36) . Recent experiments suggest, however, that the hydrophobic character of the internal cavity of the translocon, particularly the pore ring, is of greater relevance to insertion than hitherto appreciated (47) .
Despite the aforementioned uncertainties in the free energies calculated for specific transformations, it still remains that the present set of results yield a range in far better agreement with experiment than any previous theoretical endeavor. As illustrated in Table 2 , the magnitude of the insertion free energy for charged (arginine), but also hydrophobic (leucine), residues is reduced when entering the bilayer from the translocon, compared to entering directly from the aqueous state. This coincident reduction not only provides a free-energy spread that is effectively compressed compared to previous simulation-based ones, but is also much closer to the biological one. The encouraging agreement with experiment suggests that the thermodynamic cycle depicted in Fig. 2 is representative of the true insertion process. In this process, a large fraction of the free energy required for a TM segment to enter the membrane is expended during nonequilibrium insertion by the ribosome into the translocon, followed by a thermodynamic partitioning of the TM segment between the channel and the bilayer, two environments separated by a barrier smaller than that between water and the membrane. It should be noted, however, that in the translocon-based experiments the trial TM segment may be in equilibrium between states other than translocon inserted and membrane inserted only, such as between the interior of the translocon and the aqueous phase, or even possibly between all three states.
According to a two-state partition scheme, a given TM segment is controlled by the equilibrium free energy between the translocon and the membrane. However, an isolated TM segment once in the bilayer may be metastable, possibly at the risk of being expelled later into the aqueous phase. Such thermodynamically unstable TM segments would be classified by translocon-based experiments as membrane-bound despite ultimately residing outside of it. Nonetheless, that a fully exposed arginine in the membrane core has not yet been observed provides some evidence that such a state could not persist indefinitely. In native membrane proteins, however, the risk of expulsion is mitigated by the interaction of the TM segment with neighboring proteins (36) , including SecY (35) . These interactions may be sufficient to shield any otherwise unfavorable TM segments, at least until protein synthesis and folding is complete. Another consequence of the putative two-stage model is that the kinetics of translocation through the translocon should be sequence dependent. Although translocation is driven by an external force coming, for instance, from elongation by the ribosome, the translocon can present varying levels of resistance. It has been observed experimentally that the addition of arginine or aspartate amino acids to a nascent peptide slows its translocation, albeit the former can also be explained by the tendency of positive residues to be retained on the cytoplasmic side (the so-called "positive-inside rule") (48) . At the opposite end of the scale, the translocation rate also depends on the hydrophobicity of the segment (49, 50) . Marginally hydrophobic segments, which should steadily partition into the membrane, are hampered by their inability to slow translocation sufficiently down (49) . More extensive tests of translocation kinetics, using all residues, would permit the rates and the effective free energies of insertion from the aqueous state into the translocon to be further compared.
Materials and Methods
In total, three systems were prepared using the program VMD (51) . Each system contained the effectively infinite polyleucine α-helix, similar to that used in Dorairaj and Allen (27) , in its specific environment, namely water, membrane, or SecY. All reported FEP calculations were carried out using NAMD 2.7b1 (52) . Additional details of the simulation systems, parameters, and stratification schemes are presented in SI Appendix.
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